Background: It has become increasingly common to incorporate adjuvant chemotherapy with radiotherapy in the treatment of resected anaplastic astrocytoma based on results from recent phase II/III randomized trials. However, whether or not combined chemoradiotherapy is associated with improved survival outcome in patients who undergo "biopsy only" is less clear.
INTRODUCTION
Anaplastic astrocytoma (AA) is a diffusely infiltrating and malignant primary brain tumor with a median age at diagnosis of 41 years [1, 2] . It constitutes 4% of all malignant central nervous system (CNS) tumors and 10% of all gliomas [3] . AA is defined by the World Health Organization (WHO) as grade III anaplastic glioma [4] . In the new 2016 WHO classification of CNS tumors, WHO grade III AAs are further divided into
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IDH1-mutant, IDH-wild type and NOS categories [4] . The European Association of Neuro Oncology (EANO) recommends maximal safe surgical resection followed by radiotherapy (RT) alone or chemotherapy (temozolomide [TMZ] or procarbazine, lomustine, and vincristine [PCV] ) alone for the treatment of newly diagnosed AA [2] . With conventional treatment, median overall survival (OS) and 5-year survival rates are 3 years and 28%, respectively [3, 5] . Age at diagnosis, neurological function, extent of surgery resection and Karnofsky Performance Status (KPS) have been shown to influence prognosis in adult patients [5] [6] [7] [8] .
Preliminary results from the CATNON clinical trial showed that concurrent chemoradiotherapy (adjuvant TMZ following RT) was associated with improved survival outcome over RT alone in patients with surgically resected AA [9] . In a recent analysis of 4807 AA patients diagnosed from 2004 to 2014 who underwent surgery using data from the National Cancer Database (NCDB), Shin et al. found that those who received CRT had significantly higher 5-year survival rates than those who received other adjuvant treatment types [10] . However, for about a third of the patients, surgical resection was not the appropriate treatment because the disease was multifocal, their overall health status was poor, or tumor location was difficult to access surgically or in close proximity of critical structures that would increase the chance of procedural morbidity. It is unclear if CRT results in improved OS for AA patients who undergo biopsy only when compared to RT alone. Existing studies, which are often based on a mixture of patients who underwent resection or biopsy, show conflicting results regarding the possible benefit of adding chemotherapy to RT [11, 12] .
In this study, we used a large national database to define prognostic factors for survival and to explore the survival benefit of CRT over RT alone in biopsy-only AA.
RESULTS

Patient and treatment characteristics
With our initial inclusion criteria, 11888 patients with histologically confirmed AA were identified from the NCDB between 2004 and 2014. Patients whose tumor was surgically resected or whose surgical status was unclear (n = 7340) were excluded. Only patients who did not undergo surgical resection due to the reason that surgery was not part of the planned first course treatment (n = 4052) were included in the final analysis. Patients were excluded if they were only treated with supportive measures or if they had unknown treatment status (n = 895), chemotherapy only (n = 137), a nonstandard RT regimen (n = 39), multiagent chemotherapy (n = 319), or chemotherapy that took place outside of the 14-day range of RT (n = 272).
Patients were also excluded if they had missing value of the number of days between the date of diagnosis and the date on which RT was started (n = 138), or a diagnosis before 2006 (n = 356). In our final cohort, 1896 patients were included, 363 (19.1%) of whom received RT alone, and 1533 of whom (80.9%) received CRT. Our patient selection flowchart is shown in Figure 1 . For the whole cohort, the median age was 60 years (range 3-90); 53.5% of the patients were male, 88.7% were white, and 22.9% had notable co-morbid conditions (Charlson-Deyo score 1 or 2). The median RT starting time, defined as the period between diagnosis was made and RT was initiated, was 28.5 days. The median RT completion period was 44.0 days. The treatment groups did not differ in terms of gender or the median RT starting time. A summary of the characteristics of our cohort is shown in Table 1 . On univariable logistic regression analysis, patients were more likely to receive CRT than RT alone if they were younger than 70 years old (p < 0.001), white (p < 0.001), diagnosed from 2009 to 2014 (p < 0.001) or with a Charlson-Deyo score of 0 (p = 0.04). Multivariable logistic regression analysis showed that patients were more likely to receive CRT than RT alone if they were younger than 70 years of age (p < 0.001), white (p < 0.001), or diagnosed from 2009 to 2014 (p < 0.001) ( Table 2 ).
Survival outcome
The median follow-up time for the entire patient cohort was 10.1 months. Five-year survival rate for the study population was 10.3%. Patients diagnosed at age < 70 years had significantly longer OS than those diagnosed at age > 70 years (median OS: 14.6 versus 4.9 months; logrank p < 0.001) . Patients receiving CRT had significantly longer OS than patients receiving RT alone (median OS: 13.2 versus 5.6 months; log-rank p < 0.001). The difference in OS between patients who received CRT and KPS 
Figure 2: Overall survival is illustrated for patients who received either radiotherapy (RT) alone or chemoradiotherapy (CRT).
those who received RT alone was statistically significant starting at 6 months and lasted until 36 months after diagnosis. In both treatment groups, long-term survival at 72 months was dismal (4.5% and 10.8%, respectively) ( Figure 2 , (Table 4) .
Patients were divided into two subgroups based on age ( < 70 vs. > 70 years), and subgroup analyses were performed. Consistent with the whole-group analysis, CRT resulted in longer median OS in elderly patients when compared to the RT alone (5.9 versus 3.4 months; log-rank p < 0.001). In patients older than 70 years, CRT was identified as an independent predictor of longer OS on multivariable analysis (adjusted HR, 0.51; 95% CI, 0. also associated with longer OS (Table 5) . Furthermore, in patients aged greater than 70 years with co-morbidity (Charlson-Deyo score of 1 or 2), the difference in OS between patients who received CRT and those who received RT alone remained (HR, 0.59; 95% CI, 0.40-0.88; p = 0.01). Finally, age, race, RT starting time and CharlsonDeyo score were matched between the two treatment groups based on propensity score. Covariates were well balanced as shown in Supplementary Figure 1 . In the propensity-matched cohorts, CRT was associated with significantly longer OS than RT alone (median OS: 11.1 versus 5.7 months; HR, 0.67; 95% CI, 0.56-0.78; p < 0.001) (Figure 3) .
DISCUSSION
CRT or RT alone is regarded as the optimal treatment for AA patients who have undergone surgical resection [2, 13, 14] . However, there is limited data regarding the optimal therapy for patients with AA who only had biopsy. In this study, with a large cohort from a national database, a statistically significant survival benefit was demonstrated in biopsy-only AA patients who were treated with CRT when compared with those who were treated with RT alone.
There is increasing evidence that high-grade gliomas may benefit from CRT [14, 15] . In a meta-analysis of 12 randomized controlled trials comparing RT alone with CRT in high-grade glioma, survival was significantly prolonged with the addition of chemotherapy (HR of 0.85, CI 0.78-0.91, p < 0.0001) [2] . However, the randomized controlled trials included in this meta-analysis were mostly based on PCV [2] . Over the past decade, TMZ has become increasingly preferred to PCV because of it is safer profile and tolerability [2, 16] . TMZ damages the DNA by alkylating/methylating DNA at the N-7 or O-6 positions of guanine residues and triggers the death of tumor cells [17] . However, if a tumor cell expresses O 6 -alkylguanine DNA alkyltransferase encoded in humans by the O-6-methylguanine-DNA methyltransferase (MGMT) gene, it can repair this type of DNA damage, and thus diminishes the therapeutic efficacy of TMZ [17] . Several studies comparing postoperative RT alone and CRT in AA patients have shown conflicting results [11, 12, 18] . First, only a small portion of the patients analyzed in these studies were biopsy-only. Second, the sample size was small and no subgroup analysis on biopsy-only patients was performed. Our study is the first in the literature to compare CRT and RT alone in a large cohort of AA patients who underwent only biopsy.
In our study, CRT was independently associated with longer OS when compared with RT alone. The median OS was 13.2 months for the CRT group, and only 5.6 months for the RT-alone group. The OS was much shorter in our study when compared with the most recent phase II/ III randomized trials on anaplastic gliomas because our cohort consisted of 100% biopsy-only patients, while less than 15% of the patients in these trials were biopsy-only [19, 20] . Absolute survival time after diagnosis increased by 7.6 months in the CRT group when compared with the RT along group. This is a clinically significant increase in survival especially considering the poor prognosis for biopsy-only AA patients.
It is a near consensus that increasing age is a negative predictor of survival in patients with gliomas [21] . Previous studies have suggested alternative treatment regimens for elderly patients [22, 23] . In a retrospective study of 42 patients aged greater than 65 years with new-diagnosed AA who underwent surgical resection or biopsy, Tanaka et al. found that CRT was associated with longer OS when compared to RT alone (p = 0.01) [24] . On multivariable analysis after adjusting for age, we observed that CRT was still associated with a longer OS when compared with RT alone. Furthermore, in our subgroup analysis of elderly patients, patients receiving CRT had significantly longer OS than those receiving RT alone. However, the absolute benefit of CRT for these patients was only 2.5 months, the clinical significance of which is less clear.
We would like to acknowledge a few limitations of our study. First, there was no central pathology review so Abbreviations: CI, confidence interval; CRT, chemoradiotherapy; OS, overall survival; RT, radiotherapy; mo, month.
presumably some samples may have been misdiagnosed as AA. Second, data on rescue therapies post primary course of treatment was not available in NCDB. Therefore, we could not determine if the two groups were balanced on any therapies (e.g. bevacizumab, reirradiation) received following the primary treatment. Third, the NCDB lacked data on IDH1 mutation and had only limited data on KPS, 1p19q codeletion status and MGMT promoter status which precluded any meaningful analysis. These molecular markers have been shown to be significant prognostic factors in patients with AA [25, 26] . It is difficult to evaluate if the CRT and RT alone treatment groups were balanced on these factors mentioned above. In addition, even though our study of biopsy-only AA patients has demonstrated a survival benefit of CRT over RT alone in a national sample, the inherent selection bias of a retrospective study can only be excluded with a prospective randomized control trial.
In conclusion, our results suggest that CRT may be associated with significantly improved OS over RT alone in patients with AA who undergo biopsy only. Future studies with a randomized design or including subgroup analysis based on molecular data are needed to confirm these results.
MATERIALS AND METHODS
Study population
The data used in this study were extracted from NCDB which included hospital registry data set that capture approximately 70% of all newly diagnosed malignancies in the United States. NCDB is a joint project of the Commission on Cancer of the American College of Surgeons and the American Cancer Society. The data used in this study were derived from a deidentified NCDB data file. The American College of Surgeons and the Commission on Cancer have not verified and are not responsible for the analytic or statistical methodology used, or for the conclusions drawn, from these data by the investigators.
Our study population consisted of 1896 patients diagnosed with AA from 2006 to 2014. We only included patients after 2006 since the standard of treatment changed from PCV to TMZ as a consequence of the EORTC-NCIC trial whose results were published in 2005 [16] . The patient population was limited to AA patients who underwent biopsy only without surgical resection, and In the study cohort, radiotherapy refers to external beam radiotherapy only. A summary of our study cohort is shown in Figure 1 . We also performed subgroup analyses among the elderly patients (defined as age greater than 70 years) in both cohorts.
Statistical methods
All data analyses were performed using SPSS 22.0 (SPSS Inc., Chicago, IL). Factors that influenced the liability of receiving either RT alone or CRT were identified by comparing the demographic and clinicopathologic data of patients between RT alone and CRT groups using the chi-square test and the logistic regression multivariate analysis. Patients' co-morbidity, or the lack of, was evaluated by the Charlson-Deyo score. Charlson-Deyo score (0, 1, or 2) was assigned according to NCDB guidelines based on how many co-morbid conditions were reported and their relative severity.
Kaplan-Meier analyses were used to analyze OS between the RT alone and CRT groups. Univariable Cox regression followed by multivariable Cox proportional hazard regression was used to calculate hazard ratios (HRs) for survival and identify independent prognostic factors for OS. A two-sided p value of < 0.05 was considered statistically significant. To balance confounding factors between groups, we used MatchIt package in R to create matched cohorts based on propensity scores (MatchIt packages in R). Matching was performed using independent factors that had association with survival on univariate cox regression or significantly more likely to be in patients receiving CRT as opposed to RT. Next, the same survival analyses were performed in the matched cohorts.
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